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HIGHLIGHTS 


►  02  reduction  site  of  FePc-based  catalysts  was  characterized  by  C  Is  X-ray  absorption. 

►  Low  energy  shoulder  of  the  7r*  peak  becomes  a  good  indicator  of  active  edge  carbons. 

►  The  method  can  be  applied  to  characterize  a  wide  variety  of  carbon-based  catalysts. 
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Recently  carbon-based  catalysts  have  attracted  much  attention  for  its  high  ability  to  catalyze  oxygen 
reduction  reaction  (ORR)  in  a  cathode  for  polymer  electrolyte  fuel  cells.  Among  active  site  models  of  the 
catalyst,  edge  region  of  sp2  carbon  network  is  expected  to  demonstrate  high  ORR  activity  comparable  to 
platinum  catalysts.  However,  it  is  difficult  to  directly  identify  the  chemical  structure  of  the  edge  sites  by 
applying  conventional  structural  or  electronic  probes  to  actual  catalysts.  Here,  we  used  C  Is  X-ray 
absorption  spectroscopy  to  observe  electronic  structure  of  carbon  in  iron  phthalocyanine-based  catalysts, 
and  found  a  signature  of  edge  exposure  below  the  7r*  edge,  whose  intensity  is  well  correlated  with  the 
ORR  activity.  Combined  with  information  about  the  chemical  structure  of  nitrogen,  ORR  activity  of  the 
catalyst  is  characterized  in  terms  of  the  edge  exposure. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Polymer  electrolyte  fuel  cells  (PEFCs)  have  attracted  much 
attention  as  clean  and  high  efficient  electrochemical  devices  for 
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energy  conversion  [1].  Conventionally,  Pt-based  materials  are  used 
as  cathode  catalysts  for  slow  oxygen  reduction  reaction  (ORR). 
Alternative  ORR  catalysts  of  low  cost  and  high  activity  are  desired 
because  Pt  is  expensive  and  their  resources  are  limited.  Carbon- 
based  materials  are  expected  to  be  cathode  catalysts  alternative 
to  conventional  Pt  catalysts  for  PEFCs  [2-4].  Carbon-based  catalysts 
are  usually  synthesized  by  pyrolyzing  precursors  such  as  metal- 
phthalocyanine  or  metal-porphyrin  with/without  other  carbon 
resources  such  as  resins  to  improve  ORR  activities  [5—18].  Accord¬ 
ingly,  carbon-based  catalysts  are  generally  composed  of  C,  N,  O,  H, 
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and  3d  transition  metals.  It  is  crucial  for  development  of  PEFC 
whether  or  not  the  ORR  activity  of  carbon-based  catalysts  doped 
with  light  elements  and/or  non-precious  metals  could  surpass  the 
ability  of  Pt-based  catalysts.  Thus,  elucidation  of  ORR  active  sites  is 
strongly  required  for  further  improving  the  ORR  activity  of  carbon- 
based  catalysts. 

The  ORR  active  sites  of  carbon-based  catalysts  have  long  been 
ascribed  to  metal-N*  sites  originated  or  derived  from  the  macro¬ 
cycle  in  its  precursor  [4-9].  On  the  other  hand,  recently  it  has 
been  proposed  that  carbon  and/or  nitrogen  sites  are  the  ORR 
active  sites  in  some  sort  of  carbon-based  catalysts  [10-22].  For 
example,  Matter  et  al.  claimed  that  pyridinic-N,  or  pyridine-like  N, 
detected  by  X-ray  photoelectron  spectroscopy  (XPS)  is  an  indi¬ 
cator  for  the  edge  plane  because  those  nitrogen  functionalities 
should  exist  at  the  edge  plane  and  proposed  that  the  edge  plane  is 
the  active  site  for  ORR  [10].  Using  first  principles  calculation,  Ikeda 
et  al.  reported  that  carbon  atoms  located  at  the  zigzag  edge  tend 
to  adsorb  oxygen  molecule  [19].  In  addition,  they  suggested  that 
when  graphite-like  nitrogen  is  doped  at  the  zigzag  edge,  the 
oxygen  adsorption  and  subsequent  ORR  activities  of  the  neigh¬ 
boring  zigzag  edge  carbon  are  enhanced.  In  previous  experimental 
studies  on  metal  phthalocyanine-based  catalysts,  we  found  that 
the  high  ORR  active  catalysts  have  relatively  large  proportion  of 
graphite-like  nitrogen  and  proposed  a  correlation  between 
graphite-like  nitrogen  and  the  ORR  activities  [20-22].  Moreover, 
in  this  metal  containing  carbon-based  materials,  metals  in  the 
precursor  are  responsible  for  the  formation  of  the  ORR  active 
carbon  structure  [23,24]  while  they  do  not  work  as  the  dominant 
ORR  active  site  for  carbon-based  catalysts  pyrolyzed  at  high 
temperatures  [17].  On  this  account,  it  is  necessary  to  identify  the 
highly  active  edge  carbon  structures  for  ORR.  However,  to  the  best 
of  our  knowledge,  direct  evidence  of  such  carbon  sites  has  not 
been  shown  yet. 

Experimentally,  methods  to  directly  identify  the  local  configu¬ 
ration  of  carbon  atoms  at  edges  are  limited.  There  are  several 
reports  on  well-defined  carbon  materials  such  as  graphene  [25- 
27],  while  there  are  few  reports  on  the  electronic  states  for 
carbon  edges  of  porous  carbon  materials  including  carbon-based 
catalysts.  Raman  spectroscopy  and  X-ray  diffraction  measure¬ 
ments  can  distinguish  sp2  graphitic  components  from  defective 
components  [12-16],  while  it  is  quite  difficult  to  deduce  the 
information  of  carbon  edges.  Transmission  electron  microscope 
(TEM)  technique  is  a  powerful  tool  to  observe  materials  on  an 
atomic  scale.  For  instance,  defective  carbon  edges  at  the  surface  of 
the  carbon-based  catalysts  have  been  reported  [10,14,16].  However, 
the  electronic  states  of  edge  carbons  of  porous  carbon  materials  are 
hardly  detected  even  by  TEM  combined  with  EELS  (electron 
energy  loss  spectroscopy)  technique  [27].  Although  XPS  is  widely 
used  in  order  to  analyze  chemical  species  in  carbon-based  catalysts 
[9-13,15,16,18],  it  would  be  difficult  to  directly  obtain  electronic 
and/or  structural  information  of  carbon  edges  by  C  Is  XPS  because 
C  Is  XPS  spectra  mainly  consist  of  a  structure-less  asymmetric  peak 
originated  from  sp2  carbon  and  therefore  the  signal  from  carbon 
edges  is  indistinct. 

In  this  paper,  we  used  C  Is  X-ray  absorption  spectroscopy  (XAS) 
to  investigate  electronic  properties  related  to  the  ORR  activity  of  the 
catalysts.  Fine  structures  in  C  Is  XAS  spectra  provide  fruitful 
information  about  edge  carbons  as  well  as  bulk  sp2/sp3  carbon 
structures  [28,29].  We  have  examined  catalysts  synthesized  from 
iron  phthalocyanine  (FePc)  mixed  with  phenolic  resin  (PhRs) 
because  they  are  one  of  the  most  typical  carbon-based  catalysts 
having  high  ORR  activity  [30].  In  order  to  identify  the  carbon 
structure  that  is  responsible  for  the  ORR  activity,  the  electronic 
structure  of  carbon  in  the  catalysts  pyrolyzed  at  various  tempera¬ 
tures  has  been  analyzed  by  C  Is  XAS. 


2.  Experimental 

The  samples  were  synthesized  by  pyrolyzing  a  mixture  of  FePc 
(Tokyo  Kasei)  and  PhRs  (Gunei  Chemical,  PSK-2320).  PhRs  was 
dissolved  in  acetone  and  then  FePc  was  added  under  ultra- 
sonication,  where  the  amount  of  iron  in  the  mixture  was  adjusted 
to  be  3  wt.%.  After  removal  of  solvent  with  a  rotary  evaporator,  the 
FePc/PhRs  was  pyrolyzed  in  an  inert  gas  stream  at  various 
temperatures  from  200  °C  to  800  °C  for  5  h.  Here  for  example, 
Fe200  denotes  the  FePc-based  catalysts  pyrolyzed  at  200  °C. 
Characterization  of  the  FePc-based  catalysts  has  been  described 
elsewhere  [17]. 

The  ORR  activity  of  the  FePc-based  catalysts  was  measured  by 
rotating  disk  electrode  (RDE)  voltammetry  using  02-saturated 
0.5  mol  L”1  H2SO4  solution  at  room  temperature.  The  catalyst  ink 
was  made  by  mixing  the  catalyst  powder  with  Nation  solution 
(5  wt.%  Aldrich),  ethanol,  and  water.  0.2  mg  cm”2  of  the  catalyst  ink 
was  loaded  on  the  RDE  and  the  linear  sweep  voltammetry  (LSV) 
was  measured  with  a  rotating  speed  of  1500  rpm.  The  LSV  for  ORR 
was  obtained  by  subtracting  the  data  recorded  under  N2-saturated 
H2S04  solution  from  the  data  under  02-saturated  H2S04  solution. 
The  electrical  conductivity  of  the  FePc-based  catalysts  was 
measured  with  a  resistivity  meter  (Mitsubishi  Chemical,  Loresta 
GP)  applying  a  pressure  of  4  MPa.  C  Is  XAS  measurements  were 
performed  at  soft  X-ray  beam  line  BL-7A  of  Photon  Factory,  KEK  and 
BL27SU  of  SPring-8,  Japan.  The  XAS  spectra  were  recorded  in  the 
total  electron  yield  mode  by  measuring  the  sample  current  and 
then  normalized  to  the  mirror  current.  The  vacuum  and  tempera¬ 
ture  condition  in  the  experiments  were  2  x  10-8  Torr  and  room 
temperature.  The  energy  calibration  was  performed  using  the  Au 
4/7/2  photoemission  line  taken  to  be  83.9  eV. 

3.  Results  and  discussion 

Fig.  1  shows  results  on  RDE  measurements  for  the  FePc-based 
catalysts  [17].  The  catalysts  pyrolyzed  above  550  °C  show  ORR 
activities.  Fe600  shows  the  best  catalytic  activity  for  ORR  among 
the  FePc-based  catalysts  in  this  study.  The  electrical  conductivity  of 
the  FePc-based  catalysts  is  shown  in  Fig.  2.  Between  pyrolysis 
temperatures  of  500  °C  and  600  °C,  the  electrical  conductivity  is 
greatly  improved  by  a  factor  of  107,  which  can  be  well  correlated 
with  the  steep  rise  of  the  ORR  activity  around  600  °C. 

Fig.  3  shows  C  Is  XAS  spectra  of  the  FePc-based  catalysts  pyro¬ 
lyzed  at  various  temperatures.  In  all  the  samples,  the  n*  resonant 
peak  originating  from  C  Is  -►  n*  excitation  is  observed  at  around 
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Fig.  1.  Voltammograms  of  the  FePc-based  catalysts  [17].  Current  densities  are 
normalized  to  the  geometric  electrode  area. 
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Temperature  (°C) 

Fig.  2.  Electrical  conductivity  of  the  FePc-based  catalysts. 

284.8  eV  and  the  a*  resonant  peak  derived  from  C  Is  — ►  a*  exci¬ 
tation  is  observed  at  around  291.7  eV.  In  addition,  at  least  four 
components  (peaks  A,  B,  C,  and  D)  are  observed  in  the  spectra.  The 
profiles  of  the  C  Is  XAS  spectra  change  systematically  with  pyro- 
lyzing  temperature.  The  spectral  profile  of  Fe200  sample  is  quite 
similar  to  that  of  the  mixture  of  FePc  and  PhRs  (FePc/PhRs) 
precursors.  Although  the  profiles  of  B  and  C  are  similar  to  those  of 
FePc,  a  shoulder  peak  at  around  284  eV  observed  in  FePc  disappears 
in  Fe200,  suggesting  that  PhRs  and  a  part  of  FePc  seem  to  be 
decomposed  already  at  200  °C.  Fe400  has  a  broader  iz*  peak  than 
Fe200  and  profiles  of  the  peaks  B  and  C  have  changed,  indicating 
that  both  PhRs  and  FePc  components  are  drastically  decomposed  at 
400  °C.  The  most  active  catalyst  Fe600  shows  unique  C  Is  XAS 
profile  among  all  the  samples;  a  shoulder  peak  A  appears  at  1.2  eV 
below  the  tz*  resonant  peak  and  a  prominent  peak  C  emerges 
between  tz*  and  a*  resonant  peaks.  Note  that  Fe550  and  Fe600  have 
similar  peak  profiles  of  the  C  Is  XAS  spectra  while  their  ORR 
activities  are  quite  different  partly  due  to  1000  times  larger  elec¬ 
trical  conductivity  of  Fe600  than  that  of  Fe550.  The  improved 
electrical  conductivity  of  Fe600  is  probably  originated  from  the 
growth  of  sp2  graphitic  structure  which  is  sufficient  for  electronic 


Fig.  3.  C  Is  XAS  spectra  of  the  FePc-based  catalysts. 


conduction  along  the  basal  plane  of  the  samples.  The  electrical 
conductivity  up  to  0.5  S  cm-1  in  Fe600  is  even  higher  than  the 
proton  conductivity  of  0.1  S  cm-1  for  conventional  Nafion 
membrane.  Flowever,  this  is  not  clearly  reflected  on  the  C  Is  XAS 
spectra.  On  the  other  hand,  the  samples  pyrolyzed  at  higher 
temperatures  (Fe700  and  Fe800)  show  an  indicator  of  highly 
developed  conductive  graphitic  structure  as  a  a*  exciton  peak  D  at 
291  eV  in  the  XAS  spectra,  which  can  be  well  correlated  with 
a  much  improved  electrical  conductivity  of  them  [31,32].  The 
improved  electrical  conductivity  no  longer  contributes  to  the 
increase  of  the  ORR  activity  possibly  because  the  conductivity 
already  improves  sufficiently  at  pyrolysis  temperature  of  600  °C 
while  the  ORR  active  sites  decreases  due  to  desorption  or  incor¬ 
poration  into  bulk  during  the  growth  of  sp2  graphitic  structure. 

In  order  to  clarify  the  origin  of  each  component,  the  C  Is  XAS 
spectra  are  decomposed  by  using  Gauss  functions  as  peak  compo¬ 
nents.  Within  the  framework  of  the  simplest  free-electron 
approximation,  two  step  functions  broadened  by  the  Gaussian  are 
considered  as  backgrounds,  which  are  transitions  to  the  continuum 
of  tz*  and  a*  states.  Each  width  is  an  adjustable  parameter 
considering  a  broadening  due  to  inhomogeneity  of  the  samples. 
This  analysis  is  similar  to  those  performed  by  Batson  [33],  Jimenez 
et  al.  [34],  and  Medjo  et  al.  [35].  Fig.  4(a)-(f)  shows  results  for  the 
peak  decomposition  of  the  C  Is  XAS  spectra  of  the  FePc-based 
catalysts  (Fe400,  Fe500,  Fe550,  Fe600,  Fe700  and  Fe800).  Since 
sp 2  carbon  is  the  main  component  of  the  FePc-based  catalysts, 
relative  number  of  each  carbon  component  can  be  estimated  from 
the  intensity  ratio  of  each  decomposed  peak  to  the  tz*  peak.  Fig.  5 
shows  a  relation  between  the  intensity  ratio  and  oxygen  reduc¬ 
tion  current  density  at  0.6  V  vs.  NHE  which  seems  unaffected  by 
oxygen  diffusion.  Since  the  current  density  is  determined  by  the 
absolute  amount  of  active  sites  in  a  unit  area,  one  might  assume 
that  the  difference  in  specific  surface  area  of  the  catalyst  is 
responsible  for  the  ORR  current.  However,  as  demonstrated  in 
Fig.  6,  when  the  current  densities  at  0.6  V  are  normalized  by  the  BET 
surface  area  [17],  the  normalized  current  densities  as  a  function  of 
pyrolysis  temperature  show  the  same  tendency  as  those  normal¬ 
ized  to  the  geometric  electrode  area.  As  shown  in  Fig.  5(a),  the 
intensity  ratio  of  the  peak  A  to  the  tz*  peak  (A/tt*)  and  current 
densities  at  0.6  V  vs.  NHE  show  similar  tendencies  as  a  function  of 
pyrolysis  temperature  of  the  catalysts,  which  indicates  a  correlation 
between  the  peak  A  component  and  the  ORR  activity. 

Ozaki  et  al.  speculated  that  the  ORR  activity  originated  from 
edge  sites  of  graphite  structure  from  TEM  observation  [16]  and  XRD 
coupled  with  the  Diamond  analysis  [36].  So,  the  most  possible 
origin  for  the  peak  A  should  be  edge  sites.  One  possibility  is  the 
edge  states  in  graphene  [26,37].  Typically,  carbon  in  graphene  has 
two  types  of  edges,  namely  armchair  edge  and  zigzag  edge  [37].  The 
density  of  states  (DOS)  near  the  Fermi  level  of  these  two  types  of 
edges  are  quite  different.  The  armchair  edge  does  not  modify  the 
basic  electronic  structure  of  bulk  graphite  near  the  Fermi  level, 
while  the  zigzag  edge  has  sharp  DOS  at  the  Fermi  level  along  with 
bulk  tz  and  tz*  bands  [37].  Entani  et  al.  have  reported  the  observa¬ 
tion  of  a  shoulder  structure  at  lower  energy  side  of  the  tz*  peak  in  C 
Is  XAS  of  nanographene,  which  they  attributed  to  the  empty  state 
near  the  Fermi  level  characteristic  to  the  zigzag  edge  state  [26].  The 
energy  difference  between  the  shoulder  structure  and  the  tz*  peak 
in  the  nanographene  is  1.3  eV,  which  coincides  well  with  the  peak  A 
in  our  present  results.  However,  this  assignment  has  been  chal¬ 
lenged  by  a  recent  theoretical  analysis  of  C  Is  XAS  by  Hou  et  al.  [29]. 
According  to  their  analysis,  the  large  DOS  of  the  edge  states  close  to 
the  Fermi  level  can  screen  the  attractive  potential  created  by  the  C 
Is  core  hole,  leading  to  a  smaller  C  Is  binding  energy.  Due  to  this 
screening  effect,  the  XAS  peak  associated  with  the  transition  to  the 
zigzag  edge  states  will  be  located  at  2.5  eV  below  the  tz*  peak. 
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Fig.  4.  Decomposed  C  Is  XAS  spectra  of  (a)  Fe400,  (b)  Fe500,  (c)  Fe550,  (d)  Fe600,  (e)  Fe700,  and  (f)  Fe800.  Dotted  lines  are  the  measured  data,  blue  solid  lines  are  fitted  curve,  black 
solid  lines  are  decomposed  peak  components,  and  dashed  lines  are  backgrounds.  (For  interpretation  of  the  references  to  colour  in  this  figure  legend,  the  reader  is  referred  to  the  web 
version  of  this  article.) 


Moreover,  monohydrogenated  zigzag  edge  is  energetically  unstable 
except  under  very  low  hydrogen  pressure,  thus  the  termination  of 
the  zigzag  edge  may  be  a  mixture  of  monohydrogenation  and 
dihydrogenation  [38].  Examples  of  such  carbon  structures  are 
shown  in  Fig.  7.  It  has  been  demonstrated  that  the  shoulder 
structure  around  1.3  eV  below  the  n*  peak  and  the  peak  A  in  our 
results  for  the  FePc-based  catalysts  can  be  reproduced  in  such 
a  situation.  Both  a  monohydrogenated  zigzag  edge  carbon  next  to 
a  dihydrogenated  zigzag  edge  carbon  indicated  by  the  symbol  in 
Fig.  7(a)  and  a  zigzag  edge-1  carbon  next  to  a  dihydrogenated 
zigzag  edge  carbon  indicated  by  the  symbol  in  Fig.  7(b)  can 
contribute  to  the  peak  A  [29].  Therefore,  Fig.  5(a)  directly  indicates 
that  there  is  a  relationship  between  the  edge  carbon  exposure  and 
the  ORR  activity. 

Although  the  intensity  of  the  peak  C  at  288.0  eV  also  seems  to  be 
enhanced  for  the  highly  ORR  active  Fe600  catalyst,  Fig.  5(c)  does  not 
show  an  apparent  correlation  between  the  intensity  of  the  peak  C 
and  the  ORR  activity.  Close  to  the  peak  C,  Entani  et  al.  have  assigned 
a  peak  at  287.5  eV  to  C-H  a*  bond  [26]  and  Hou  et  al.  have  found 
that  the  peaks  at  287  and  288  eV  originate  from  the  resonances  of 
the  a*  states  of  sp 2  hybridized  C-H  and  sp3  hybridized  C-H2  both  at 
zigzag  and  armchair  edges,  respectively  [29].  If  the  peak  C 


originates  only  from  the  edge  carbons  assigned  above,  the  intensity 
of  the  peak  C  might  show  a  correlation  with  the  ORR  activity. 
However,  the  absence  of  apparent  correlation  in  Fig.  5(c)  implies 
contribution  of  functional  moieties  other  than  the  edge  carbons  to 
the  peak  C.  It  has  been  reported  that  when  carbon  materials  contain 
oxygen,  oxygen-containing  functional  groups  produce  the  peak  in 
this  energy  region  [39,40].  Moreover,  a  peak  due  to  nitrogen- 
carbon  bonds  appears  in  this  region  in  the  case  of  nitrogen- 
doped  carbon  materials  [32].  In  fact,  Fe550,  which  has  the  largest 
intensity  of  the  peak  C,  contains  more  nitrogen  than  Fe600  [17]. 
Although  the  1000  times  lower  electrical  conductivity  of  Fe550 
than  that  of  Fe600  predominates  the  ORR  profile  which  lacks  an 
apparent  correlation  with  the  peak  C  intensity,  it  is  possible  that  the 
nitrogen-carbon  bonds  responsible  for  the  peak  C  constitutes  the 
ORR  active  site.  Fig.  5(b)  shows  that  there  is  no  correlation  between 
the  intensity  of  the  peak  B  and  the  ORR  activity. 

Previous  studies  on  XAS  and  XPS  analyses  of  metal  phthalocya- 
nine-based  catalysts  showed  that  highly  ORR  active  catalysts 
contain  relatively  high  amount  of  graphite-like  nitrogen  [20,21]. 
During  the  synthesis  of  the  FePc-based  catalysts,  graphite-like 
nitrogen  starts  to  be  formed  at  around  600  °C  [22].  This  coincides 
with  the  temperature  where  the  relative  peak  intensity  of  the  peak  A 
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Fig.  5.  Intensity  ratio  of  each  peaks  to  the  tt*  peak  (solid  circle  line)  and  current 
densities  at  0.6  V  vs.  NHE  (dashed  triangle  line)  compared  with  pyrolysis  temperature 
of  the  catalysts,  (a)  Relative  peak  intensity  of  the  peak  A  to  the  n*  peak  (A/tc*),  (b) 
relative  peak  intensity  of  the  peak  B  to  the  n*  peak  (B/tt*),  and  (c)  relative  peak 
intensity  of  the  peak  C  to  the  n*  peak  (C/tt*). 


Temperature  (°C) 


Fig.  6.  Current  densities  at  0.6  V  vs.  NHE  normalized  by  the  BET  surface  area  (solid 
triangle  line;  left  axis)  and  current  densities  at  0.6  V  derived  from  a  geometric  surface 
area  of  the  carbon  disk  electrode  (dashed  triangle  line;  right  axis)  compared  with 
pyrolysis  temperature  of  the  FePc-based  catalysts. 


Fig.  7.  The  example  of  carbon  edges  with  (a)  monohydrogenated  zigzag  edge  carbon 
neighboring  a  monohydrogenated  carbon  and  a  dihydrogenated  carbon  and  (b)  zigzag 
edge-1  carbon  next  to  two  dihydrogenated  zigzag  edge  carbon.  The  referred  carbon 
atoms  are  indicated  by  the  symbol  (circle).  Other  examples  and  their  peak  positions  are 
described  elsewhere  [29]. 

to  the  tc*  peak  is  most  enhanced  and  the  intensity  of  the  peak  C, 
a  part  of  which  can  be  originated  from  nitrogen-carbon  bonds,  is 
also  prominent.  Considering  the  present  results  along  with  the 
previous  studies,  it  is  suggested  that  the  ORR  active  sites  of  the  FePc- 
based  catalysts  include  graphite-like  nitrogen  existing  at  edge  sites. 

4.  Conclusions 

In  conclusion,  electronic  structure  of  carbon  in  the  FePc-based 
samples  pyrolyzed  at  various  temperatures  was  directly  investi¬ 
gated  by  XAS  and  correlation  between  the  electronic  structure  and 
the  ORR  activity  was  found.  The  shoulder  peak  A  (at  around 
283.6  eV)  of  the  n*  resonant  C  Is  peak  can  be  attributed  to  mono¬ 
hydrogenated  zigzag  edge  carbon  and  zigzag  edge-1  carbons  both 
being  next  to  dihydrogenated  zigzag  edge  carbon.  The  intensity  of 
the  peak  A  corresponding  to  the  edge  carbons  described  above  has 
a  correlation  with  the  ORR  activity.  Therefore,  the  peak  A  at  around 
283.6  eV,  which  is  a  good  indicator  of  the  edge  sites,  can  be  used  for 
optimizing  the  fabrication  processes  of  the  carbon-based  oxygen 
reduction  catalysts  with  improved  ORR  activity.  It  is  also  possible 
that  some  components  of  the  peak  C  at  288.0  eV  between  the  tu*  and 
a*  resonant  peak  constitute  ORR  active  sites,  although  an  apparent 
relationship  between  the  ORR  activity  and  the  peak  at  288.0  eV  was 
not  observed  due  to  a  stark  difference  in  electrical  conductivity.  A 
detailed  study  on  the  correlation  between  the  peak  A  and  graphite¬ 
like  nitrogen  next  to  the  edge  carbon  will  be  done  in  the  near  future. 
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